The first successful penetrating keratoplasty in a human was performed as early as 1906 by Zirm. 1 The tissue was obtained from the eye of a living donor requiring enucleation. Much has changed since then. Advances in surgical instrumentation and techniques and the introduction of antibiotics and corticosteroids in the 1950s significantly improved the success rate of corneal transplantation. Consequently, the demand for donor tissue increased. On the one hand, the supply was enhanced by the possibility of using eyes from human cadavers. 2 On the other hand, attempts were made to increase the storage time for cadaveric tissue while maintaining the integrity of the endothelial layer. The importance of the corneal endothelium for the maintenance of corneal clarity was convincingly demonstrated by Stocker. 3 At about the same time in the 1970s two methods for storage of excised human corneoscleral buttons were introduced in the USA and are currently still applied: hypothermic storage 4 5 and organ culture preservation. [6] [7] [8] Storage techniques and storage time In hypothermic storage corneas are preserved at 4°C in tissue culture medium supplemented with antibiotics and with dehydrating agents (dextran, chondroitin sulphate) to prevent corneal swelling. The original M-K medium 4 5 has been succeeded by solutions such as K-sol, Dexsol, and Likorol potentially allowing a storage time exceeding the 4 days thought to be the maximum for the M-K medium. In organ culture preservation corneas are incubated in tissue culture medium supplemented with fetal calf serum, antibiotics, and antimycotics at 30-37°C. The swelling of the cornea, due to the absence of dehydrating agents in the medium, is reversed shortly before transplantation by placing the cornea, in the first instance, in M-K medium at 4°C. 9 Currently the swelling is reversed by transferring the corneas to a culture medium supplemented with dextran (4-8%) at room temperature to 37°C. Because the integrity of the endothelium is better maintained during organ culture 6 7 10 the storage time of 4 to 5 weeks allowed by organ culture is long compared with the generally accepted period of 3 to 5 days for hypothermic storage. The actual storage time limit for the 4°C preservation, however, is not known. Hypothermic storage has been accepted by many eye banks all over the world, while organ culture, strongly promoted by the Eye Bank of Arhus, became the method of choice for eye banks in Europe.
Graft survival
It is still a point of controversy whether the clinical outcome after grafting of corneas stored by the two diVerent procedures is the same. Bourne et al 11 found fewer endothelial cells after grafting on donor corneas stored by organ culture compared with corneas stored in M-K medium at 4°C. The organ culture method used in that study diVered, however, from the procedure described earlier 8 and from the ones used in Europe for organ culture preservation. 10 One prospective study with paired corneas is available, one cornea stored in M-K medium at 4°C and the mate in organ culture. Visual acuity, central corneal thickness, and endothelial cell density, 1 to 2 years postoperatively, were similar in age-matched keratoconus recipients. 12 Retrospective studies comparing the outcome of organ cultured corneas with hypothermically stored corneas demonstrate comparable graft survival and postoperative decline in endothelial cell density. [13] [14] [15] [16] [17] Better results with corneas stored by organ culture are also claimed. 18 19 The improvement in graft survival, however, is not ascribed to the storage itself but to extra selections and criteria routinely included in organ culture preservation. Doughman 9 in 1980 already supposed that the endothelium of corneas stored by organ culture may be of better quality because of the endothelial repair that occurs during this storage. 6 In addition, overall graft survival may be improved by a reduction of allograft reactions. During organ culture 'passenger' leucocytes are lost 20 and the donor epithelium becomes hypocellular, 10 both immunologically modifying the tissue. In the absence of good prospective studies, however, the only scientifically justified conclusion yet is that corneas stored for longer periods by organ culture are at least comparable with those stored at 4°C for shorter periods.
Endothelial cell survival
When Sperling 21 introduced the organ culture preservation in Europe he combined it with evaluation of the endothelium before and after storage. DiVerences in endothelial cell loss between individual corneas were found during organ culture. 10 These diVerences were supposed to reflect diVerences in vitality, the organ culture serving as a stress test. Corneas not tolerating long term storage are detected by a significant endothelial cell loss and are discarded. Complete loss of endothelial cells during organ culture was observed and was thought to be related to herpes infection of the donor cornea. 22 Saggau and Bourne 23 studied the endothelium of corneas stored for a prolonged period in diVerent solutions (Ksol, CSM medium) at 4°C. In seven out of 44 corneas no endothelial cells were found after preservation. They concluded that methods are needed to detect corneas not tolerating prolonged storage at 4°C. Similar experiences by others might explain why the time for hypothermic storage remained 3 to 5 days which is far below the maximal storage time of 16 days suggested by suppliers of storage solutions. These observations also indicate that, irrespective of the storage method used, inspection of the endothelium after intermediate term storage is mandatory to prevent transplantation of corneas of inferior quality. Changes in the endothelium as a result of postmortem time and other variables such as cause of donor death, donor age, circumstances of death, etc, may result in endothelial cell death in the long run.
Tissue evaluation
The technique introduced for the evaluation of the endothelium with organ culture preservation is staining with trypan blue to test the viability and swelling of the intercellular borders with a hypotonic solution to visualise the endothelium. 24 Trypan blue staining can be replaced by phase contrast microscopy. 25 These techniques are well suited to endothelial inspection at the end of organ culture preservation because they can be applied irrespective of corneal thickness. Endothelial evaluation is routinely included in the organ culture storage procedure to exclude corneas not tolerating storage. In this way, primary graft failures caused by degenerative changes of the endothelium are also avoided 14 15 19 or reduced to less than 0.2% (Dutch collaborative follow up study, unpublished data). In addition, donor age and other variables aVecting endothelial cell survival can be ignored thus enhancing the pool of possible donors. The dispatch of tissue with defined endothelial quality was one of the reasons that organ culture storage was preferred in the Netherlands in the early 1980s. Clearness and thickness of a corneoscleral button in vitro depends mainly on the amount of dehydrating agents in the medium, the time from death to storage, and the storage time. It is the ultimate responsibility of the transplant surgeon that the donor corneal tissue is of a satisfactory level. Therefore surgeons prefer to receive donor tissue with a well defined endothelial quality derived from an eye bank where endothelial evaluation of the tissue is an intrinsic part of the procedure. In hypothermic storage specular microscopic control is now used by more than 60% of the eye banks in the USA 26 and in Europe (Directory European Eye Bank Association, 1997). Routine specular microscopy can play an important role in setting higher, more uniform quality standards for tissue acceptance during hypothermic storage. 27 In addition, its use for tissue from donors above the age of 70 can assess corneas that may otherwise be arbitrarily excluded for transplantation on the basis of age and postmortem time. In this way, the availability of donor corneas can be increased. 28 29 However, this is at the cost of an increasing percentage of corneas, especially from older donors, that will not pass the quality criteria. The discard rate of corneas stored by organ culture is consistently higher compared with that of corneas stored at 4°C (Directory European Eye Bank Association, 1997). Assessment of donor corneal endothelium by specular microscopy is able to reduce the risk of primary donor failure to 1.2%, 29 which, when compared with the incidence reported with organ cultured corneas, is still relatively high. Because studies linking graft outcome with pretransplant morphometric variables of the endothelium, such as cell size, variation in cell size, cell shape, are missing the debate on the relevance of specular microscopy and endothelial evaluation is still going on.
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Microbiological safety A major criticism addressed at the organ culture technique is the risk of contamination. The description of the transfer of a fungus 31 strengthened the doubts about safety. Experience in Europe prove, however, that this criticism is not justified. No case of endophthalmitis due to contamination of the donor cornea has been reported to the Cornea Bank in Amsterdam with over 10 000 organ cultured corneas transplanted. Theoretically, the risk in organ culture is lower than in hypothermic storage. Donor eyes are generally contaminated 32 and every eye bank has to cope with that. Decontamination procedures before enucleation and excision of the corneoscleral button and antibiotics in the storage solution reduce this contamination. Antibiotics and antimycotics are, however, only eVective against metabolising micro-organisms, which means that they are much more eVective at 30-37°C than at 4°C. During organ culture preservation a mean percentage of 3.5% of the corneas turn out to be contaminated and are discarded before transplantation (Directory European Eye Bank Association, 1997). In hypothermic storage the scleral rims can only be tested after transplantation and 12-28% of them are described to be positive for bacteria and fungi. 33 So, the risk of transplanting a contaminated cornea is significantly greater in hypothermic storage. Fortunately, the incidence of postoperative keratitis and endophthalmitis caused by microbes transferred with the donor cornea stored at 4°C is reported to be low. 34 Potential growth of bacteria and fungi that may be present on the donor cornea or may be introduced into the culture medium from the environment or by personnel is a well known biohazard for all those working with tissue culture systems. However, by exploiting the vulnerability to microbial contamination of the organ culture system, assessment of the sterility of the donor tissue is possible. One might discuss whether use of the newest antibiotics with the widest spectrums is the best solution to suppress an increasing incidence of postoperative endophthalmitis. In that situation the storage by organ culture might be preferred. In addition, sterility can be better assured for corneas suspected to be at higher risk of contamination-for example, corneas retrieved from donors given mechanical respiratory assistance, having a compromised tear production or blinking reflex, corneas with long death to enucleation times, and corneoscleral buttons removed directly from the donor when there are legislative barriers for enucleation of the cadaveric eye.
Other contaminations
Another potential source of contamination in the organ culture system stems from components in the media, such as viruses and bacteriophages in commercial fetal calf serum. 35 36 Multiple exposures with these agents must have occurred in human beings for years through the use of vaccines prepared in similar culture cell cultures. In none of these instances has human disease been known to occur from such contaminations. 9 Nevertheless, caution is warranted when purchasing these kinds of material and the procedures and precautions taken should be described in detail in standard operating procedures. All storage solutions contain foreign materials derived from bacteria (dextran) or animals (chondroitin sulphate). The bovine serum necessary as an additive in the organ culture medium 37 is nowadays raising concern because of the risk of transfer of Creuztfeld-Jacob-like disease with prions present in the serum. In many European countries the application of bovine products not derived from their own BSE free cattle is prohibited. The use of homologous rather than heterologous serum, which was thought to be theoretically advantageous because of the possibility of modification of the immune graft reaction, might again be worth investigating. Replacement of the serum by chemically better defined and less 'risky' compounds has for years been a major concern for eye banks using organ culture as a storage method.
Conclusion
Organ culture preservation of human donor corneas does oVer advantages when compared with hypothermic storage. With the extended storage time it is possible to (i) schedule operations, (ii) minimise wastage of donor tissue, (iii) facilitate tissue typing and matching, and (iv) control the medium before keratoplasty for microbial contamination. The evaluation of the corneal endothelium oVers dispatch of corneas with a well defined endothelial quality assessed after storage and selection of tissue from a large pool of possible donors on endothelial specific criteria. Tissue evaluation is no longer specific for organ culture since the use of the specular microscope has become more and more common during hypothermic storage.
The clinical outcome of both storage methods seem to be comparable. Because of the diverse control possibilities mentioned above the organ culture storage procedure is more complicated than the hypothermic storage. According to standards of the European Eye Bank Association (Directory 1997) the organ culture technique is only safe when a post storage endothelial evaluation and a preoperatively sterility control have been performed. Well qualified personnel and advice of microbiological laboratory staV are essential for a proper organ culture procedure but may also be very valuable for hypothermic storage. Hypothermic storage is less complicated but oVers fewer possibilities. This all has to be considered before deciding to make organ culture the method of choice for the storage of human donor corneas.
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